Abstract: The dental follicle is an ectomesenchymal tissue surrounding developing tooth germ, and contains osteoblastic-lineage-committed stem/progenitor cells. MicroRNA (miRNAs) are small non-coding RNAs that regulate gene expression during stem cell growth, proliferation and differentiation. The aim of this study is to investigate the key regulators of miRNA during osteogenic differentiation in hDFC. We therefore analyzed miRNA expression profiles in hDFC during osteoblastic differentiation. Expression of miR-29a, -29b and 29c decreased in hDFC during osteogenic induction on microarray analysis. Real-time RT-PCR analysis also showed that the expression of miR-29 family members was significantly decreased in hDFC during osteogenic differentiation. The miR-29 family was predicted to target collagen type I alpha 1 and alpha 2 by in silico analysis. When miR-29s were transfected into hDFC, collagen type I production decreased. In addition, hDFC transfected with miR-29 mimics showed delayed mineralization when compared to hDFC transfected with negative control and nontrasfection culture. Our data suggest that miR-29 negatively regulates the osteogenic differentiation/mineralization of hDFC by targeting collagen type I.
Introduction
The dental follicle, an ectomesenchymal tissue that surrounds the developing tooth germ, contains stem cells and lineagecommitted progenitor cells or osteoblast/cementoblast precursor cells [1] [2] [3] . Human dental follicle cells (hDFC) also have the capacity to commit to multiple cell types, not only to cells of osteoblastic lineage 1) , but also to cells of adipogenic 2) and neurogenic lineages 4) .
We have previously reported the gene expression profiles of hDFC during osteogenic differentiation and the potential regulators of this differentiation 5) . hDFC are easily accessible for cell culture and have a higher proliferation capacity 6) . Thus, hDFC might have some advantages as a stem cell resource for regenerative medicine and molecular biological studies for osteogenic differentiation.
MicroRNAs (miRNAs) are a class of small non-coding RNAs that regulate protein translation or mRNA stability by binding to the 3'-untranslated region (3'-UTR) of their target genes in a sequence-specific manner 7, 8) . They post-transcriptionally regulate several physiological processes, including development, proliferation, differentiation and oncogenesis [9] [10] [11] . Recently, miRNAs were implicated in skeletogenesis, where in combination with key transcription factors and signaling molecules, they were shown to control the complex process of bone formation 12) . Several miRNAs have been reported to influence the differentiation of mesenchymal stem cells (MSC) or osteoblasts [13] [14] [15] [16] [17] .
In this study, we analyzed miRNA expression profiles in hDFC during the osteoblastic differentiation, and then investigated the miRNAs and target genes regulating differentiation and/or mineralization.
Materials and Methods

Cell cultures
hDFC were obtained using a previously reported method 1) .
Briefly, normal human impacted third molars were surgically removed and collected from patients aged 14 and 18 years, after obtaining informed consent. Dental follicle tissues were minced with sterilized scalpels, and were digested in a solution of 0.1 U/ ml collagenase type I and 1 U/ml dispase (Roche, Mannheim, Germany) for 1 h at 37 . Attached hDFC were cultured in 100-mm dishes using MSC growth medium (GM; consisting of MSC basal medium supplemented with fetal bovine serum, L-glutamine and penicillin/streptomycin; Lonza, Walkersville, MD) in a humidified incubator (CO 2 incubator MCO-175M; Sanyo, Osaka, cultured in GM at 37 in the presence of 95 % air and 5 % CO 2 . These cells were positive for CD105, CD166, CD29 and CD44, and negative for CD14, CD34 and CD45. Experiments using hDFC and hMSC were performed in accordance with the guidelines established by the Ethics Committee of Nihon University School of Dentistry at Matsudo (Recognition number: 10-036). hDFC and hMSC from the 5th to the 6th passage were used for the following experiments.
Osteogenic differentiation
For induction of osteogenic differentiation, hDFC or hMSC were seeded at 3.1 × 10 3 cells/cm 2 in GM. After 24 h (day 0), media were replaced with MSC osteogenic induction medium (OIM) consisting of osteogenic basal medium, osteogenic
SingleQuots containing L-glutamine, penicillin/streptomycin, dexamethasone, ascorbate and -glycerophosphate (Lonza).
Medium was replaced every 3 days. Experimental schedule is shown in Fig. 1 .
Total RNA isolation
Total RNA from hDFCs was isolated using miRNeasy Mini Kits (Qiagen, Valencia, CA) according to the manufacturer' s instructions. RNA was stored at -80 until use.
MiRNA microarray analysis
In order to identify miRNAs associated with osteogenic differentiation, expression of miRNAs was measured in hDFC cultured with OIM or GM on culture day 7 using miRNA microarray analysis. miRNA microarray analysis was performed using Agilent human miRNA Rel. 12.0 arrays (Agilent, Santa Clara, CA) in accordance with Agilent protocols. Gene expression analysis of miRNA microarrays was performed using GeneSpring GX software (Agilent).
Prediction of miRNA target genes
Target genes of miRNAs were predicted using the miRNA target prediction programs TargetScan, TarBase and miRecords.
Real-time PCR
cDNA was synthesized by using a miScript Reverse Transcription Kit (Qiagen). Real-time PCR was performed with Primer Assay (Qiagen) and miScript SYBR ® Green PCR Kit (Qiagen). PCR mixture was subjected to amplification using a DNA Engine Opticon 1 (BioRad, Hercules, CA), with preheating at 95 for 15 min, followed by 40 cycles of 94 for 15 s, 55
for 30 s and 70 for 30 s. Amplicons were directly detected by measuring the increase in fluorescence caused by binding of SYBR Green using a DNA Engine Opticon 1 (BioRad, Hercules, CA). miRNA expression levels were calculated using the ΔΔcT method with normalizatin against RNU6. Each assay was normalized against RNU6 mRNA levels.
MiRNA transfection
For transfection of miRNA, HiPerFect Transfection Reagent (Qiagen) was used in this study, in accordance with the manufacturer's protocol. Briefly, hDFC were seeded at 3. Transfection was performed on day 0 and day 3.
ELISA
Atelo-collagen type I levels in condition medium of hDFC were measured using an ELISA kit (ACEL, Kanagawa, Japan).
Alizarin red S staining
Cell monolayers were washed twice with phosphate-buffered saline (PBS), fixed with 10 % formalin solution for 30 min, and then washed twice with pure water. For alizarin red S staining, cells were placed in 1% alizarin red S (Kanto Chemical, Tokyo, Japan) solution for 10 min, washed three times with pure water, and then air-dried.
Statistical analysis
Data are expressed as mean values ± SD. Student's t-test was used for the analysis of differences.
Results
MiRNA microarray analysis
We performed microarray analysis to determine the regulated miRNAs in hDFC during osteogenic differentiation. Among 961 miRNAs tested, 307 were expressed in hDFC cultured with OIM on culture day 7 and/or on culture day 0. A total of 80 miRNAs were defined as regulated miRNAs that displayed a greater than two-fold change in expression in hDFC cultured with OIM on culture day 7, as compared to hDFC on culture day 0; of these, 42 were up-regulated and 38 were down-regulated (Fig. 2) .
Expression of miR-29 family
MiRNAs typically impair target mRNA translation and/or stability; therefore, we hypothesized that miRNAs targeting mRNAs associated with osteogenesis and/or mineralization were down-regulated in hDFC during osteogenic differentiation. Expression of miR-29a, miR-29b and miR-29c were decreased in hDFC during osteogenic induction on microarray analysis ( Expression of all miR-29 family members was lower in hDFC cultured with OIM, as compared to those cultured with GM on culture days 1, 2, 4, 7 and 11 ( Fig. 3) .
MiR-29 family regulates collagen type I production
Based on bioinformatic analyses to predict the target genes for miR-29 family using a combination of miRNA databases, such as TargetScan, TarBase, miRecords, collagen type I alpha 1 (col1a1) and alpha 2 (col1a2) were found to be potential target genes for the miR-29 family. Collagen type I, in which the triple helical structure comprises two alpha-1 chains and one alpha-2 chain, is mainly extracellular matrix in mineralized tissues such as bone.
In order to investigate whether the miR-29 family has an effect on collagen type I production, a combination of miR-29a, -29b and -29c mimics was transfected into hDFC on culture days 0 and 3. Because type I atelo-collagen was not detected in conditioned medium of hDFC culture days 0 to 3, collagen levels were examined in the conditioned medium of hDFC on culture days 3 to 6 after transfection with the miR-29 family. Collagen levels Figure 3 . Gene expression of miR-29 family in hDFC at the indicated times during osteogenic differentiation; Gene expression of the miR-29 family was examined by real-time PCR. Expression of all miR-29 family members was lower in hDFC cultured with OIM, as compared to those cultured with GM on culture days 1, 2, 4, 7 and 11. Values represent means ± SD of the results from three independent experiments. *p < 0.05, **p < 0.01, and ***p < 0.005, as compared with GM culture at the indicated time points. Figure 6 . Effects of miR-29a, -29b and -29c on mineralization; Cells were cultured under OIM, transfection reagent only, OIM + combination of miR-29a, -29b and -29c (1.67 nM each), OIM + miR-29a (5 nM), OIM + miR-29b (5 nM), OIM + miR-29c (5 nM), and OIM + Negative (5 nM) control conditions for 15 days. Transfection with miR-29b mimic showed the most potent decrease in alizarin red S staining. On hMSC culture, staining was also reduced by transfection with miR-29b mimic when compared with miR-29a and miR-29c. were lower in hDFC transfected with miR-29 family when compared with negative controls and no transfection (Fig. 4) .
Effects of miR-29 family on mineralization
We transfected hDFC with miR-29a, -29b and-29c mimics and found that mineral deposition was inhibited when compared to negative control, as revealed by alizarin red S staining on culture days 14 and 18. hDFC transfected with miR-29 mimics were not stained on culture day 14, but on day 18, hDFC transfected with miR-29s were weekly stained when compared with other cultures. There was no staining in GM culture with or without transfection (Fig. 5) .
Next, we compared the inhibitory potential for mineralization among the miR-29 family when hDFC were transfected with miR29a, -29b and -29c mimics. Transfection with miR-29b mimic showed the most potent decrease in alizarin red S staining. On hMSC culture, staining was also reduced by transfection with miR29b mimic when compared with miR-29a and miR-29c (Fig. 6 ).
Discussion miRNAs have recently been implicated in skeletogenesis through regulation of different molecules and pathways. Several miRNAs that are down-regulated during osteoblastic differentiation have been reported to inhibit the translation of numerous osteogenic mRNAs, including transcription factors, signal transduction factors and corresponding molecules, which are required for osteoblast formation 18) . In this study, we used miRNA microarrays to profile miRNA expression in hDFC during osteogenic differentiation. MiR-29a, miR29b and -29c were downregulated in hDFC with OIM culture for 7 days when compared to undifferentiated hDFC on culture day 0, and showed markedly high expression in hDFC during osteogenic differentiation. The miR-29 family is composed of miR-29a, -29b and -29c, whose expression is decreased in hDFC OIM culture when compared to GM culture up to culture day 11 on real-time PCR. Recently, it
. We showed increases in TGF-expression in hDFC cultured with OIM when compared with GM on culture day 3 in a previous study 5) ; therefore, the down-regulation of the miR-29 family may be associated by the up-regultation of TGF-. miR-29a, -29b and -29c share the same seed sequence and collectively target several genes associated with extracellular matrix, including collagen type I, and were predicted to target the Risa Tomoki et al.: MicroRNA-29 Family Supresses Mineralization 3'-UTRs of col1a1 and col1a2 by in silico analysis. We found that transfection with a combination of miR-29a, -29b and -29c mimics suppressed collagen type I production in hDFC. When miR-29b mimic was transfected into a mouse fibroblast cell line (NIH 3T3), a dose-dependent decrease in col1a1 expression was observed 20) . It has also been reported that miR-29b is the most effective suppressor of collagen type I at the mRNA and protein level via its direct binding to col1a1 3'-UTR in human stellate cells, which are involved in liver fibrogenesis 21) . The miR-29 family, which is down-regulated in the region of the heart adjacent to the infarct, acts as a regulator of cardiac fibrosis and represents a potential therapeutic target for tissue fibrosis in general 22) . Indeed, it has been reported that down-regulation of miR-29 with antimiRs in vitro and in vivo induces the expression of collagens, whereas over-expression of miR-29 in fibroblasts reduces collagen expression. According to these reports, we believe that the miR-29 family has an important role in matrix formation. We examined mineralization in hDFC after transfection with miR-29 mimics because collagen type I in mineralized tissue is suppressed by the miR-29 family. First, we transfected a combination of miR-29a, -29b and -29c mimics into hDFC. This combination delayed the mineralization of hDFC monolayers undergoing osteogenic differentiation. Next, we transfected miR29a, -29b or -29c alone into cells, and found that miR-29b showed the greatest inhibitory potential when compared with miR-29a and -29c, although the mineralization and its suppression varied in hDFC isolated from different individuals. MiR-29b also suppressed mineralization in hMSC. Although the reasons for the differences in inhibitory potential among the miR-29 family are uncertain, variations in the seed region among miR-29a, -29b and -29c may be responsible. Recently, it has been reported that the expression of miR-29 increases as the matrix matures in osteoblast cell lines such as MC3T3-E1. It has been demonstrated that miR-29 promotes osteogenesis by directly down-regulating inhibitors of osteoblast differentiation, such as TGF-3 and histone deacetylase 4 23) , and by miR-29 modulating the canonical Wnt signaling in a positive feedback loop 24) . On the other hand, we examined osteogenic differentiation using hDFC, which contained mesenchymal stem cells/osteogenic progenitor cells. In addition, because we transfected mature miR-29 mimic into hDFC, miR-29 affected hDFC culture for several days. Therefore, our study investigated whether the miR-29 family affects the early phase during osteogenic differentiation. The effects of miR-29 may differ between the early phase and the terminal maturation phase of osteogenic differentiation/mineralization. In conclusion, we defined a characteristic miRNA signature in hDFC during osteogenic differentiation and mineralization. Moreover, we demonstrated the involvement of the miR-29 family in the regulation of collagen type I production. Our results warrant further investigation in order to improve our knowledge of consistently modulated miRNAs in osteogenic differentiation.
